The octopus brain shows a robust hippocampal-like activity-dependent LTP, which is NMDA-independent, yet associative and presynaptically expressed and, as shown here, also independent of protein synthesis. Have the molecular mechanisms for mediating this LTP evolved independently or have they converged? Here we report on a distinctive adaptation of the nitric-oxide (NO) system for mediation of the octopus LTP. Unlike the suggested role of NO in LTP induction in the hippocampus, in octopus, inhibitors of NO-synthase (NOS) did not block LTP induction but either 1) reversibly 'erased' LTP expression, suggesting that a constitutive elevation in NO mediates the presynaptic LTP expression or 2) 'reversed' LTP induction and maintenance because a second LTP could be induced after inhibitor washout. We therefore propose a protein synthesis-independent 'molecular-switch', whereby NO-dependent NOS reactivation maintains NOS in its active state. Thus, while the octopus LTP shows marked evolutionary convergence with LTP in vertebrates, an extreme molecular novelty has evolved to mediate it.
Introduction
Octopuses and other coleoid (modern) cephalopods (squid, cuttlefish) provide an example of the independent evolution of complex cognitive behaviors in invertebrates 1, 2 . The area in their central brain controlling their outstanding learning and memory abilities, the vertical lobe (VL) 3, 4 , matches the generic connectivity scheme of fan-out fan-in association/classification neural networks 5, 6 ( Fig. 1a) . In the octopus, the first fan-out synaptic layer shows a robust hippocampal-like activity-dependent LTP 5, 7 . This LTP was shown to be important for consolidation of short-and long-term associative memories 4 .
The LTP of the octopus VL is NMDA-independent and involves a robust presynaptic facilitation of transmitter release at the first glutamatergic synaptic layer 5, 7 (Fig. 1a) . Despite being NMDA-independent, the VL LTP demonstrates the essential associative induction properties of specificity, cooperativity and associativity, suggesting a Hebbian induction mechanism 7 . This makes the octopus VL LTP an example of an NMDA-independent, presynaptically expressed LTP, which best resembles the LTP in the mammalian mossy fiber -CA3 neuron synapses 8, 9 . The presynaptic LTP at the hippocampal mossy fiber terminals is a textbook example for a non-associative LTP 10 , and indeed there are no unequivocal indications for postsynaptic dependence 9 . In contrast, the presynaptic LTP in the octopus VL represents a classic case of Hebbian induction of an exclusively presynaptically expressed LTP 7 . The prevailing dogma is that such a Hebbian presynaptic LTP induction mechanism requires a 'Hebbian detector' in the postsynaptic cell and a retrograde signal that moves from the post-to the presynaptic terminal where it mediates LTP induction.
Consequently, a biologically active and readily diffusible molecule like nitric oxide (NO) and the enzyme that produces it, nitric oxide synthase (NOS), are natural candidates for mediating this form of LTP 11, 12 .
The role of NO as retrograde messenger in LTP has been somewhat controversial 13 since its role as a retrograde message was first convincingly demonstrated in cultured hippocampal neurons 14, 15 . Recent studies have provided good evidence supporting NO as a retrograde messenger in a specific form of the presynaptic component of the hippocampal CA3-CA1 LTP. As in the octopus, this presynaptic component of the LTP is NMDA-independent and is induced by a stronger postsynaptic response that leads to Ca 2+ -dependent activation of NOS, likely through a voltage-dependent opening of L-type Ca 2+ channels 16 . The generated NO diffuses to the presynaptic terminals, where LTP is induced by the canonical NO-dependent activation of the cGMP second messenger cascade [16] [17] [18] [19] [20] .
Considering the octopus LTP as a case of convergent evolution and that NO is a well-known mediator of synaptic plasticity in mollusks [21] [22] [23] [24] prompted us to test whether NO is also involved in the LTP of Octopus vulgaris. Moreover, previous works have suggested that NO is required for visual and tactile learning in the octopus [25] [26] [27] . Indeed, we found that the NO system is involved in the octopus LTP. However, our results also show that the nitrergic neuromodulatory system has undergone a major adaptation to achieve a novel molecular mechanism for mediating associative presynaptic LTP. This involves an ingeniously simple 'molecular-memory-switch' by which a single molecule, NO, mediates both the presynaptic expression of LTP and the very long-term maintenance through NOdependent reactivation of NOS in the postsynaptic cell. This dynamic molecularswitch maintains LTP for a long time (>10 h), even when protein synthesis is blocked.
Results
The neuropils of the lobes associated with learning and memory stained intensely for NOS activity
We first tested the VL for NOS activity histochemically using the NADPHdiaphorase method 28, 29 . There was a similar pattern of intense labeling in the VL and the subfrontal lobe (SuFL), areas associated with visual and tactile learning, respectively, which share a similar anatomical organization 30 ( Fig. 1e,f) . Dense labeling was found in the inner neuropil zones (Fig. 1f,g ), which contain the synaptic connections between the amacrine cells (AM) neurite terminals and the large efferent neurons (LNs) dendrites. The outer neuropil was more sparsely stained because in this region unstained axons that run in the SFL tract make sparse en passant connections with AM neurites. The AM neurites can be seen crossing the tract in faintly stained AM trunks (arrows; Fig. 1f ), suggesting the presence of NOS in the AMs. The tiny AM cell bodies are not stained, likely because they are fully occupied by their nuclei 31 (Stern-Mentch N. thesis).
NOS inhibitors blocked LTP expression but not LTP induction
VL slice preparations were used to test whether NOS inhibitors affect LTP induction (Fig. 1b) . As previously described 7 and similarly to hippocampal slice preparations, we placed the stimulating and recording electrodes on the SFL tract at a short distance from each other. The tract was stimulated usually with paired test pulses and the evoked presynaptic tract potential (TP; Fig. 1b inset) and the postsynaptic field potential (fPSP) were recorded. The slices were exposed to NOS inhibitors for 30 minutes before LTP induction by high frequency stimulation (HF, four trains of 20 pulses at 50 Hz, 10 s inter-train interval). Fig. 1b shows that HF stimulation in the presence of L-NNA (10 mM) induced only small facilitation. However, following drug washout, the fPSP amplitude recovered to a much higher level than the control, and a second HF stimulation did not lead to further facilitation, indicating that LTP induction was fully activated in the presence of the blocker. These results led us to postulate that NO may be involved in LTP expression rather than LTP induction.
To test this possibility we added NOS inhibitors after LTP induction. While L-NAME (10 mM) completely inhibited the facilitated fPSP (Fig. 1c) , this effect was absent when introducing the inactive enantiomer D-NAME (10 mM) as a control for specificity of NOS inhibition (Fig. 1d) . A second HF stimulation before rinsing out the drug did not overcome the inhibition (Fig. 1c) . The third HF, during recovery from the inhibition, showed no residual LTP, again demonstrating recovery of expression rather than inhibition of LTP maintenance. Both L-NAME and D-NAME had a similar effect on the amplitude of the TP (Fig. 1c,d insets) , in contrast to L-NNA (Fig. 1b inset) , indicating that the effects were not mediated by NO. 
NOS inhibitors block the presynaptic expression of LTP
The octopus VL LTP is mediated mostly, if not entirely, by an exceptionally large increase in the probability of transmitter release 7 , a process that is clearly manifested in large changes in the paired-pulse facilitation (PPF). In PPF, the first stimulus of a pair facilitates the synaptic release evoked by the second stimulus; the phenomenon is thought to be mediated by the residual Ca 
LTP maintenance involves constitutive elevation in NO concentration in the VL neuropil
To directly test whether maintenance is mediated by long-term elevation in NO concentration we adopted an electrochemical approach for measuring the extracellular concentration of NO amperometrically 34, 35 ( Fig. 2g-h) . A specially prepared NO-sensitive carbon fiber microelectrode (CFM, see Methods) was inserted for short periods into the VL neuropil. Following LTP induction, the clamping current of the CFM at the NO oxidation potential (750 mV) increased significantly and in parallel to the increase in fPSP amplitude (Fig. 2g, inset traces) to about 0.5 µM (the calibration of the electrode after the experiments in Fig. 2g , for example, indicated a sensitivity of about 6 pA / µM NO), which is a rather high biological NO concentration 36 . Typical for LTP saturation, both fPSP and NO signals were not further increased by a second HF (Fig. 2g ). 
NO-dependent cGMP-cascade is likely not involved in VL LTP
A battery of pharmacological tools was used to test whether NO increases the presynaptic probability of transmitter release via the common cGMP pathway.
We first tried to block the NO-dependent activation of soluble guanylyl cyclase 
The VL LTP is independent of de novo protein synthesis
Numerous studies indicate that the universal mechanism for maintaining the long-term phases of LTP involves de novo protein synthesis 38 . Surprisingly, here, neither LTP induction nor its very long maintenance appears to involve protein synthesis. The administration of 20 µM anisomycin for 2.5 h, starting 30 min before the induction of LTP, blocked neither induction nor maintenance of LTP for at least 10 h after LTP induction (Fig. 3a) . Importantly, in four experiments exposing in vitro slices to 20 µM anisomycin dramatically suppressed protein synthesis, including the intense protein synthesis in the VL (Fig. 3c) . 
Long-term LTP maintenance involves NO-dependent NOS reactivation
The analysis of the kinetics of LTP inhibition provided an insight into the mechanisms of LTP maintenance. , fast n=6 ). This data set was extracted from the recordings in Fig. 2d-f. c Proposed model for a dynamic molecular-switch mechanism, whereby NO mediates the increase in probability of presynaptic transmitter release and at the same time "locks" NOS in active states. (The Ca 2+ dependence is based on Hochner et al. ).
Discussion
Our results suggest the independent evolution of a novel and simple mechanism mediating an associative (Hebbian) LTP that involves postsynaptic induction and exclusively presynaptic expression -a form of LTP that has been highly anticipated following the discovery of NO as retrograde messenger. Presynaptic LTP is considered to provide a larger dynamical range of modulation relative to the postsynaptically expressed LTP (commonly mediated via NMDA dependent mechanism) 19 . This property is particularly characteristic of the octopus VL, where the probability of release (especially of fPSP 1 ) is very low and it undergoes a huge presynaptic facilitation after LTP induction (e.g., 21 fold; Fig. 2a,b) . That is, our results suggest that in the octopus VL an efficient and powerful molecular mechanism has evolved to enable this unique form of LTP. This was achieved by adapting the NO system to mediate LTP expression and maintenance while in the currently known NO-dependent presynaptic LTP, NO is involved in LTP induction via the canonical NO dependent cGMP second messenger (Fig. 4c) . Such a molecular constellation will, on the one hand, lead to Ca . Thus, considering these negative results together with the amperometric measurements that indicate a µM range following LTP induction and during maintenance (Fig. 2g,h ), the relatively high concentration of competitive NOS inhibitors (10 mM) and the intense NADPH-d activity ( Fig. 1e-g ), we raise the possibility that LTP expression in the VL is mediated by a non-enzymatic process and suggest s-nitrosylation as a possible candidate 46 . Auto s-nitrosylation of NOS has been reported, but in that case it inhibited NOS activity 47 . Conceivably, the higher concentration required for snitrosylation may suit better the locality of the retrograde message effect, ensuring synaptic specificity.
In conclusion, our results provide new physiological insights into the growing understanding that cephalopod evolution involved an outstanding flexibility in the selection of neuronal and morphological novelties. This evolutionary flexibility, at the neurophysiological level, has been demonstrated by the surprising finding of dichotomic differences in synaptic plasticity processes in the VLs of octopus and its phylogenetically close relative, the cuttlefish Sepia officinalis 5 . Especially interesting are preliminary results suggesting that NO and NOS activity are absent in the cuttlefish 48 . Recent genomic studies suggest that coleoid cephalopods are unique in adopting multiple regulatory mechanisms that allow more 'modular' developmental frameworks 49 . In addition, this group has a huge expansion of RNA re-editing sites that allow a unique post-translational modification of core gene products 50 . Such modular mechanisms may have also facilitated the selection of an alternative molecular mechanism for the mediation of LTP with specific properties suitable for achieving species-specific behavioral requirements.
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Alexa Fluor 488 azide was excited with the 488 nm laser and the emission was collected with a 515 ± 30 nm filter. Images were prepared using NIH ImageJ software (Bethesda, MD, USA).
NO amperometry
NO was measured directly in the VL using electrochemical methods with 30 µm polypropylene-insulated carbon fibre microelectrodes (CFMs) (ProCFE Dagan Corporation) coated by dipping the electrode tip five times into Nafion® 117 solution and drying the electrode for 10 min at 85 °C [34] [35] . This procedure was repeated ten times. The CFMs were then coated by electropolymerization with ophenylenediamine dihydrochloride 35 tetramethylimidazoline-1-oxyl 3-oxide; 1 mM). Some drugs were dissolved in ASW and were freshly made before the experiments (L-NNA, L-NAME, D-NAME, methylene blue). Stock solution aliquots were prepared in DDW (dBcGMP), in DMSO 0.1-0.25% (ODQ, ZAP, IBMX), in ethanol 1% (PTIO), or in NaOH 0.05 mM (DEA), and were diluted in ASW before the experiments to a concentration in which the vehicles had no physiological effects. When required, pH was adjusted to 7.6 using NaOH or HCl. The effects of pharmacological manipulations were always compared to interleaved control experiments using the drug vehicle at the same concentration. Slices treated with reversible drugs, which could be washed out, could be used a second time at a different recording location to guarantee a different and unstimulated local population of cells. All drugs and chemicals were purchased from Sigma-Aldrich, unless stated otherwise.
Data analysis
Electrophysiological data were analysed as described in Shomrat et al. 5 . Unless stated otherwise, we used averages of 5 trials for all the electrophysiological recordings (30 s interstimulation interval). In the experiments where the slices were exposed to the drug before LTP induction, the responses were normalized relative to the control baseline (first 7.5 min of the recording). Where we sought to quantify the degree of LTP blockage, LTP was induced prior to exposure to the drug and the responses were normalized relative to LTP (7.5 min recording after HF). Values are presented as mean ± s.e.m. Paired pulse facilitation (PPF) index was calculated using to the formula (fPSP 2 /TP 2 -fPSP 1 /TP 1 ) / fPSP 2 /TP 2 , which allowed quantifying PPF value also when the first fPSP amplitude was indistinguishable from the noise.
